M etal dodecaborates M 2/n B 12 H 12 (n denotes the valence of the metal M), containing icosahedral polyatomic anion [B 12 H 12 ] 2− , have been attracting increasing interest as potential energy materials, especially in the context of hydrogen storage 1,2 and superionic conductivity. 3 M 2/n B 12 H 12 are commonly formed as dehydrogenation intermediates from metal borohydrides M(BH 4 ) n , like LiBH 4 and Mg(BH 4 ) 2 , 4−8 which are well-known as potential high-density hydrogen storage materials. 9−11 The strong B−B bond in the icosahedral [B 12 H 12 ] 2− , however, is regarded to be the key factor that prevents the rehydrogenation of dodecaborates. 12 In order to elucidate the mechanism as well as to provide effective solutions to this problem, a novel solvent-free synthesis route of anhydrous M 2/n B 12 H 12 (here M means Li, Na, and K) has been developed. 13 Thermal stability and transformations of the anhydrous single phase Li 2 B 12 H 12 suggested the formation of the high temperature polymorph of Li 2 B 12 H 12 during the dehydrogenation of LiBH 4 , while concurrently emphasized the importance of further investigation on the decomposition mechanism of metal borohydrides and metal dodecaborates. 14 The high stability of icosahedral [B 12 H 12 ] 2− , on the other hand, favors its potential application as solid electrolyte. Recently, Na + conductivity of Na 2 B 12 H 12 was reported to be 0.1 S/cm above its order−disorder phase transition at ∼529 K, 3 which is comparable to that of a polycrystalline β″-Al 2 O 3 (0.24 S/cm at 573 K) solid state Na-electrolyte. 15 Mechanistic understanding on the diffusion behavior of cation and further improvement of ionic conductivity at a lower temperature, however, are important in order to facilitate the practical application of metal dodecaborates as superionic conductors.
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Bimetallic compounds composed of two different metal elements often show different crystal structures and interesting chemical and physical properties, which are often distinguished from those of the monometallic counterparts. For example, bimetallic borohydrides have been proven as a way to tune the thermodynamics of metal borohydride decomposition. 16−18 To our best knowledge, there has been no report of improving the ionic conductivity of M 2/n B 12 H 12 by introducing another metal to form a bimetallic dodecaborate, and we hypothesized that the coexistence of bimetallic elements could have a synergetic effect on the mobility change of each ion. Here we report for the first time that a bimetallic dodecaborate LiNaB 12 H 12 could be a model system in demonstrating the hypothesis, exhibiting lower phase transition temperature (488 K) than its single counterparts of Li 2 B 12 H 12 (615 K) and Na 2 B 12 H 12 (529 K), 19 and the ionic conductivity of LiNaB 12 H 12 reaches a value of 0.79 S/cm at 550 K. The conductivity value is approximately 8 times higher than that of Na 2 B 12 H 12 3 and 11 times higher than that of Li 2 B 12 H 12 at the same temperature.
LiNaB 12 H 12 was prepared through sintering of LiBH 4 , NaBH 4 , and B 10 H 14 with a stoichiometric molar ratio of 1:1:1. The successful synthesis was confirmed by X-ray diffraction, Raman spectra, and solid state nuclear magnetic resonance (NMR) measurements (see Supporting Information Figure S1 ). The phase transition of LiNaB 12 H 12 , examined by differential scanning calorimetry (DSC) (Figure 1 ), occurs at the temperature of 488 K, which is substantially lower than those reported for pure Li 2 B 12 H 12 (615 K) and Na 2 B 12 H 12 (529 K). 19 The heats for phase transitions of LiNaB 12 H 12 , Li 2 B 12 H 12 , and Na 2 B 12 H 12 are determined as 9, 22, and 11 kJ/mol, respectively, based on the DSC measurements (not shown), suggesting that LiNaB 12 H 12 thermodynamically favors the phase transition compared to Li 2 B 12 H 12 and Na 2 B 12 H 12 . It is worth emphasizing that there is no obvious change of the phase transition in LiNaB 12 H 12 even after 20 cycles of heating and cooling measurements (see Supporting Information Figure S2 ), whereas a partial decomposition is clearly observed in Li 2 B 12 H 12 and Na 2 B 12 H 12 . 19 The structural investigations of LiNaB 12 H 12 by synchrotron X-ray powder diffraction were performed in the range 298−613 K (see Supporting Information Figures S3 and S4 for Rietveld plots of low-and high-temperature phases). The low temperature structure reveals the cubic Pa3̅ space group symmetry with the cell parameter a = 9.8009(1) Å at 298 K, isostructural to the low-T phase of Li 2 B 12 H 12 . 20 The high-T structure shows a cubic F-centered unit cell. The result is different from the behavior of Li 2 B 12 H 12 , for which the high-T phase was described in the literature as disordered structure in the parent primitive cubic cell. 21 We searched further for a better structural model of the high-T phase and found that the high-T phase is better matched with a space group symmetry Fm3̅ m where both metal and [B 12 H 12 ] 2− sites are disordered. The Li/Na mixed-metal site is a stronger scatterer than Li only, which helped us to determine that the unit cell of the high-T phase is clearly F-centered antifluorite structure. We suppose that the high-T phase of LiNaB 12 H 12 is isostructural to the high-T phase of Li 2 B 12 H 12 , 21 but we and the authors of the past work are using two different models for the description of the same highly disordered structure. Our refinements show a significant positional disorder on the Li/Na site centered at the 8-fold 1/4 1/4 1/4 position; the dodecaborane anions are centered at the 4-fold 0 0 0 position. The anions may be positionally ordered, especially in the F-centered cubic subgroups of Fm3̅ m. Interestingly, the antifluorite structure is known to be favorable for superionic conductivity, demonstrated by Na 2 S. 22 The temperature-induced phase transition is reversible, a sequential refinement was done on 313 powder patterns collected, and the cell parameters of the two phases are plotted as a function of T in Figure 2 . The unit cell parameters show practically linear T dependences. The phase transition happens at 514 K on heating and at 481 K on cooling, and the cell parameters exhibit nearly the same values (ca. 0.13 Å) of expansion or shrinkage on heating or cooling. Thus, we can state that no hydrogen desorption/absorption occurs at 16.0
MPa H 2 and temperatures up to 773 K. A similar experiment without hydrogen back pressure shows that hydrogen has no significant effect on the phase transition; the phase transition occurs at 514 K on heating and at 481 K on cooling, and no hydrogen desorption/absorption was observed.
The reversible phase transition is also examined by the in situ Raman spectroscopy measurements as shown in Figure 3 . When the temperature is increased above the phase transition temperature, the B−H bending modes at 618, 680, and 980 cm −1 start to disappear at 513 K, the two B−H stretching mode peaks at around 2500 cm −1 start to merge, and a single peak is observed at 553 K due to the disordered structure of the high-T phase. When the temperature is decreased below the phase transition temperature (Figure 3) , the bending modes at 618, 680, and 980 cm −1 reappear, and the stretching band around 2500 cm −1 splits into two peaks. DFT calculations on isolated B 12 H 12 2− and Li 2 B 12 H 12 (with D 3d symmetry, to be as close as possible to the S 6 local symmetry in the LiNaB 12 H 12 crystal) were performed to further analyze the origin of these bands. It appears in particular that the band at 680 cm −1 , which is not observed in the Raman spectrum of the cubic Cs 2 B 12 H 12 , 23 originates from a Raman inactive mode with G g symmetry for the icosahedral B 12 H 12 2− anion (see the gif animation in the Supporting Information). The calculated frequencies and experimental Raman frequencies are summarized in the Supporting Information. It is also important to note that the space groups Fm3̅ m and Pa3̅ do not have a direct group− subgroup relation. This fact leads to the hysteresis shown in Figure 2 but is also reflected by the fact that the band at 680 cm −1 disappears suddenly at the phase transition with increasing temperature.
Ionic conductivities of LiNaB 12 H 12 measured by an electrochemical impedance spectroscopy (see Supporting Information, Figure S5 ) display a significant increase with temperature Figure 4) : above the phase transition temperature it is 6 orders of magnitude higher than that at room temperature. At 550 K the ionic conductivity reaches 0.79 S/cm, which is approximately 8 and 11 times higher than those for the monometallic systems such as Na 2 B 12 H 12 3 and Li 2 B 12 H 12 , respectively. Note further that below the phase transition temperature of 488 K, the ionic conductivity of LiNaB 12 H 12 is in between those of Na 2 B 12 H 12 and of Li 2 B 12 H 12 . Li ionic transport number estimated using polarization responses (see Supporting Information Figure S6 ) decreases from 0.91 to 0.71 with temperature increased from 393 to 433 K, implying that Li + contributes much more than Na + to the superionic conductivity, but its fraction decreases at elevated temperature. In addition, unlike Na 2 B 12 H 12 in this work and in the earlier reported studies, 3 a much smaller hysteretic behavior is observed for LiNaB 12 H 12 during the cooling process. The significantly improved ionic conductivity and the minimal hysteresis behavior demonstrated by the LiNaB 12 H 12 , therefore, prove the synergistic effects of the two metals in the bimetallic dodecaborate. This case further shows the feasibility of designing bimetallic dodecaborates to tune geometric structure and to improve the ion mobility. Further investigation on LiNaB 12 H 12 with different molar ratios of Li/Na, as well as various bimetallic systems with different ionic radius and valence, is of great importance for the clarification of the detailed mechanism and the improvement of ionic conductivity at moderate temperature for the application of metal dodecaborates as solid electrolyte for batteries.
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